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ABSTRACT: Effects of biomass types (bark mulch versus sugar beet pulp) and carbonization processing conditions
(temperature, residence time, and phase of reaction medium) on the chemical characteristics of hydrochars were examined by
elemental analysis, solid-state '*C NMR, and chemical and biochemical oxygen demand measurements. Bark hydrochars were
more aromatic than sugar beet hydrochars produced under the same processing conditions. The presence of lignin in bark led to
a much lower biochemical oxygen demand (BOD) of bark than sugar beet and increasing trends of BOD after carbonization.
Compared with those prepared at 200 °C, 250 °C hydrochars were more aromatic and depleted of carbohydrates. Longer
residence time (20 versus 3 h) at 250 °C resulted in the enrichment of nonprotonated aromatic carbons. Both bark and sugar
beet pulp underwent deeper carbonization during water hydrothermal carbonization than during steam hydrothermal
carbonization (200 °C, 3 h) in terms of more abundant aromatic C but less carbohydrate C in water hydrochars.
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B INTRODUCTION

There has been a recent surge in scientific research on applying
carbonized biomass, in this context denoted “biochar”, to soil,
stimulated by its longevity and beneficial effects in Terra preta
soils.'~® The applications of biochars to soils also provide a tool
to reduce global warming by carbon sequestration.”> The
biochars used in most research have been produced via dry
pyrolysis at temperatures >400 °C (pyrochars) from biomass
with low water content.® In contrast, few studies have
characterized products of the wet pyrolysis process, hydro-
thermal carbonization (HTC), which occurs at relatively low
temperatures (180—350 °C) under autogenous pressures.7’8
HTC proceeds by reactions including dehydration, decarbox-
ylation, and recondensation and produces gases (predom-
inantly CO,), water-soluble organic substances, and carbon-rich
solid residues referred to as hydrochars. The structures of
hydrochars resemble those of natural lignite, but differ
substantially from those of pyrochars.”~'* Hydrochars generally
contain less aromatic C because of their lower processing
temperatures (180—350 °C), accounting for their lower
recalcitrance to biodegradation when compared with pyro-
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chars.'*'* Recent research has identified several promising
applications for hydrochars, for example, as functional carbon-
based materials for catalysts, adsorbents, or energy storage, as
potential soil amendments or peat substitute, or for carbon
sequestration.®'"®

The HTC process expands the range of potential feedstocks
for char production to a variety of nontraditional, renewable,
wet agricultural residues and municipal waste streams such as
wet animal manures, municipal sewage, and solid waste, as well
as industrial organic residues such as brewery spent grains or
sugar beet pulp.*'® To determine suitable uses of these
feedstocks for hydrochars, more information associated with
the influence of feedstock properties on resulting hydrochar
structure is necessary. Although considerable progress has been
made recently toward understanding hydrochar structures by
studying residues from HTC of well-defined substrates
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Table 1. Chemical Composition of Selected Potential Feedstocks for HTC

% dry weight of total solids

composition sugar beet pulp® spruce bark?

lignin 1-6 10-20 40—4S
cellulose 2024 15-20 20-25
hemicellulose 25-36 15-20 25-30
protein 7-11

pectin 19-25

sucrose 4

minerals/ash 4 2-§ 3—4
extractives 20-30 0.2—0.6

spruce wood”

swine manure® poultry manure®

cattle manure (dairy/beef)®

12—-13 4-6 2-7
22-27 13-14 8—12
12—-17 20-22 16—22
12—-18 22-25 28—44

“Data from Sutton and Peterson.>® “Data from Kraft.’” “Data from Chen et al.>®

(glucose, cellulose, sucrose, starch, etc.),ls’lé’zo_22 the hydro-
char structures derived from heterogeneous waste substrates are
much less understood.""'”*"** These materials commonly
contain significant amounts and differing fractions of cellulose,
hemicellulose, proteins, and lignin (Table 1). The complexity of
these feedstocks likely influences resulting hydrochar proper-
ties. Cellulose is solubilized and removed from biomass during
HTC, forming, for example, hydrochars with spherical
structures. Lignin is scarcely decomposed, however, resulting
in a hydrochar with a strongly porous framework, often with
the outer contours of the initial material.**** In addition to the
hydrochar diversity expected due to different feedstock
compositions, HTC process conditions (e.g., temperature and
residence time) and the phase of reaction medium such as
steam or liquid water can be varied, possibly leading to even
more variations in the physical and chemical properties of
produced hydrochars. As such, structural variations in hydro-
char induced by different feedstock types and processing
conditions may play an important role in its biodegradability,
stability, and functionality in various applications.

In the present study, HTC was applied to two common
waste feedstocks: bark peel (used as mulch in gardening) and
sugar beet pulp, with various compositions (Table 1). The
objectives were to investigate the effects of (1) the presence or
absence of lignin in feedstocks and (2) processing variables
(temperature, time, and reaction medium) on hydrochar
structures using elemental analysis, advanced solid-state "*C
NMR, and common tests for biodegradability, chemical and
biochemical oxygen demand (COD and BOD). This represents
the first attempt in the literature to characterize hydrochars
prepared in the presence of steam. A better understanding of
hydrochar characteristics as a result of feedstock types and
processing variables achieved in this study will provide a basis
for maximizing the potential use of hydrochars.

B MATERIALS AND METHODS

Hydrochar Preparation. Two steam hydrochars (S-HTC) and six
water hydrochars (W-HTC) were prepared from the feedstocks, bark
mulch and sugar beet pulp (referred to as bark and sugar beet in the
following sections). The process conditions (temperature and time)
can be summarized as follows: S-HTC-bark/S-HTC-beet (200 °C, 3
h), W-HTC-bark/W-HTC-beet (200 °C, 3 h), W-HTC-bark/W-
HTC-beet (250 °C, 3 h), and W-HTC-bark/W-HTC-beet (250 °C,
20 h).

The patented hydrothermal carbonization in the steam medium
(Revatec GmbH, DE 10 2009 010 233.7) was conducted in a 70 L
stainless steel reactor. The feedstocks (chipped sugar beet pulp, 1.0—
1.5 cm; and shredded bark, <5 cm) with moisture contents of about
40—70% were placed in the reactor. No additional water was required.
The reactor system utilizes steam to maintain a pressure at the
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required set point, 16 bar for 3 h at 200 °C. Any steam condensates
were drained from the reactor. No extra dewatering of the S-HTC
hydrochars was undertaken, and the samples were dried for storage.

The hydrothermal carbonization in the water medium was
conducted in a 1 L non-stirred T316 stainless steel vessel with an
external heater. The dried and ground (<2 mm) sugar beet or bark was
added along with distilled water to the reactor to obtain a solid
concentration of 20% (wt). The reactor was heated to the desired
reaction temperature (200 or 250 °C) with a heating rate of about 7
°C/min. The reactor temperature was maintained under its autogenic
pressure for the desired reaction time (3 or 20 h). Afterward, the
reactor was cooled to room temperature before the reaction products
were filtered and dried at 100 °C.

Chemical Properties. Proximate analyses for all samples were
performed in duplicate, following American Society for Testing and
Materials (ASTM) method D5142%¢ using a LECO thermogravimetric
analyzer (TGA701, LECO, St. Joseph, MI, USA). Percent moisture
was determined as the weight loss after the samples had been heated in
an open crucible to 107 °C and held at this temperature until constant
weight, in a flow of nitrogen. The percent volatile matter was
determined as the weight loss after the samples had been heated in
covered crucibles to 950 °C and held for 7 min under a flow of
nitrogen. Ash content was defined as the remaining mass after
subsequent heating under a flow of oxygen, in open crucibles to 750
°C and holding at this temperature until sample weight was constant.
After the determination of moisture, ash, and volatile matter, the fixed
carbon content was calculated by difference.

NMR Spectroscopy. *C NMR analyses were performed using a
Bruker Avance III 300 spectrometer at 75 MHz (300 MHz 'H
frequency). All experiments were run in a double-resonance probe
head using 4 mm sample rotors. The NMR experimental details can be
found elsewhere.”” The '3C chemical shifts were referenced to
tetramethylsilane, using the COO resonance of glycine in the a-
modification at 176.46 ppm as a secondary reference.

Quantitative *C direct polarization/magic angle spinning (DP/
MAS) NMR experiments were performed at a spinning speed of 13
kHz. The 90° "*C pulse length was 4 us. Recycle delays were
determined by the cross-polarization/spin—lattice relaxation time/total
sideband suppression (CP/T,-TOSS) technique to ensure all carbon
nuclei were relaxed by >95%. The '*C DP/MAS NMR with recoupled
dipolar coupling (DP/MAS/DD) was used to quantify the non-
protonated carbons and mobile carbon fractions. The dipolar
dephasing time was 68 us. The number of scans for DP/MAS and
DP/MAS/DD experiments for all samples was 1024.

Semiquantitative compositional information was obtained with
good sensitivity using a *C CP/MAS NMR technique with MAS §
kHz, CP time 1 ms, and 'H 90° pulse length 4 us. Four-pulse total
suppression of sidebands (TOSS)*® was employed before detection,
with two-pulse phase-modulated decoupling applied for optimum
resolution. Subspectra for nonprotonated and mobile carbon groups
were obtained by combining the *C CP/TOSS sequence with a 40 ys
dipolar dephasing (CP/TOSS/DD). The number of scans for *C CP/
TOSS and 3C CP/TOSS/DD experiments was 6144 for all samples.
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Table 2. Proximate and Ultimate Analyses of Feedstocks

and Hydrochars®

wt %
sample MC VMg, ECy, ashy, Caaf Hy¢ Nar Saaf Oguf

sugar beet 6.9 + 0.01 754 + 0.3 18.5 + 0.2 62 + 02 S1.1 +£0.2 6.7 £ 09 3.4 + 0.02 0.2 + 0.04 38.7 + 1.0

S-HTC-beet 4.6 + 0.02 61.0 + 0.4 320+ 0.3 7.1 +0.3 673 + 1.0 3.6 + 0.9 42 + 0.1 0.1 + 0.01 248 £ 19
(200 °C, 3 h)

W-HTC-beet 41+0.1 662 + 04 212 + 0.5 126 £ 08 613 +£0.5 54+08 53+06 0.1 £ 0.01 278 + 1.3
(200 °C, 3 h)

‘W-HTC-beet 47 +£0.2 51.8 + 09 357 £ 1.0 12.5 £ 0.2 71.1 + 2.0 7.6 +0.1 1.7 £ 0.3 09 + 0.1 17.1% + 0.4
(250 °C, 3 h)

W-HTC-beet 3.9 + 0.03 50.0 + 0.3 38.1 +£0.2 12.0 + 0.1 722 + 2.0 7.1 +0.3 27 +0.1 12+ 0.1 18.0° + 1.5
(250 °C, 20 h)

bark 7.0 + 0.1 66.8 + 0.4 255 +03 7.7 59.8 + 2.0 63 + 0.7 1.2 + 02 0.1 + 0.02 326 + 1.3

S-HTC-bark 6.0 + 0.1 56.1 + 0.3 373 £ 0.1 6.6 69.0 + 1.9 3.1+0.7 1.5+02 0.1 + 0.02 263 + 1.5
(200 °C, 3 h)

W-HTC-bark 10.0 + 0.1 602 + 1.4 351 +03 47 + 1.2 644 + 0.5 6.6 + 1.3 14 £ 0.2 0.1 + 0.02 27.5 + 1.1
(200 °C, 3 h)

W-HTC-bark 3.7 £ 0.02 50.6 + 0.3 432 + 0.5 62 + 0.8 708 £ 1.2 6.1 + 04 0.1 +£0.1 0.6 + 0.04 21.3% + 0.9
(250 °C, 3 h)

W-HTC-bark 44 + 02 452 + 12 469 + 0.7 79 + 19 722 £ 1.5 6.0 + 1.3 04 + 0.1 0.7 £ 0.3 17.7° + 2.0

(250 °C, 20 h)

“MC, moisture content; VM, volatile matter; FC, fixed C; db, dry basis; daf, dry ash free basis.

and S values.

bCalculated using a depletion method after C, H, N,
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Figure 1. Atomic H/C and O/C ratios of the feedstocks and hydrochars resulting from hydrothermal carbonization. The atomic ratios for cellulose,
lignin,** and bituminous and lignite coals' are included for comparative purposes.

Because O—C—O carbons (e.g,, anomeric C in carbohydrate rings)
and aromatic carbon resonances between 120 and 90 ppm are difficult
to resolve, the aromatic carbon signals were selectively suppressed
using a five-pulse *C chemical shift anisotropy (CSA) filter with a
CSA filter time of 47 us. The number of scans was 6144 for all
samples.

Spectra for immobile CH, + CH groups were obtained using the
following spectral-editing techniques. First, a '*C CP/TOSS spectrum
was recorded using a short CP time (S0 ys) to emphasize protonated
carbons in immobile segments. Afterward, a second 13C CP/TOSS
spectrum was recorded using a short CP (50 us) coupled with a 40 us
dipolar dephasing. The difference spectrum represents immobile CH,
and CH carbons, with a small CH; contribution. The number of scans
was 6144 for all samples.

The size of fused aromatic rings was estimated from the recoupled
"H-"C dipolar dephasing. In short, two 'H 180° pulses per rotation
period prevent MAS from averaging out weak CH dipolar couplings.
To detect nonprotonated carbons with good relative efficiency, direct
polarization/total sideband suppression (DP/TOSS) was used at a
spinning rate of 7 kHz. The *C 90° and 180° pulse lengths were 4 and
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8 us, respectively. The number of scans was 640 for all samples at each
dephasing time.

Chemical and Biochemical Oxygen Demand Measurements
of Hydrochars. The COD and S day BOD of hydrochar suspensions
were measured. Hydrochar samples were ground for 30 s in an
analytical mill (A 11, IKA) to increase sample homogeneity.
Subsequently, the ground hydrochars were mixed in deionized water
to obtain suspensions with a solid concentration of approximately
3000 mg/L. All suspensions were shaken for 16 h in a rotary shaker.
Following shaking, well-mixed samples were taken and analyzed for
COD and BOD. Suspension COD was measured using HACH
reagents (HR test kit, Loveland, CO, USA) and conducted in
triplicate. Suspension BOD (S day) was measured using a
respirometric technique (BODTrak II, HACH) and also conducted
in triplicate.

B RESULTS AND DISCUSSION

Elemental Composition of Hydrochars. The analysis of
the composition of feedstocks and hydrochars showed that
fixed carbon (FC) content increased while volatile matter
(VM) decreased as the reaction temperature and residence time

dx.doi.org/10.1021/jf402345k | J. Agric. Food Chem. 2013, 61, 9401-9411
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Figure 2. *C NMR spectral editing for identification of functional groups in sugar beet and their hydrochars: (a—e) thin lines, unselective CP/TOSS
spectra; thick lines, corresponding dipolar-dephased CP/TOSS spectra; (al—el) selection of sp>-hybridized C signals by a '*C CSA filter; (a2—e2)
selection of relatively immobile CH and CH, signals with small residual CH;, achieved by the difference between a short CP spectrum and a

spectrum of short CP combined with dipolar dephasing.

Bark S-HTC-bark W-HTC-bark W-HTC-bark W-HTC-bark
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Figure 3. °C NMR spectral editing for identification of functional groups in bark and their hydrochars: (a—e) thin lines, unselective CP/TOSS
spectra; thick lines, corresponding dipolar-dephased CP/TOSS spectra; (al—el) selection of sp>-hybridized C signals by a '*C CSA filter; (a2—e2)
selection of relatively immobile CH and CH, signals with small residual CHj, achieved by the difference between a short CP spectrum and a

spectrum of short CP combined with dipolar dephasing.

increased (Table 2). Ash content trended upward in sugar beet
hydrochars, but did not change much in bark hydrochars. The
C content of the hydrochars increased with processing time and
temperature for both feedstocks in water medium (Table 2).
The increase of C contents in steam hydrochars relative to
feedstocks (S-HTC-beet, 16.2%; S-HTC-bark, 9.2%) was more
evident than in corresponding water hydrochars (W-HTC-beet,
10.2%; W-HTC-bark, 4.6%) prepared at 200 °C for 3 h. The
mechanisms associated with this increase are currently
unknown. As expected, the O content of water hydrochars
decreased with processing time and temperature. The carbon-
ization resulted in slightly lower O contents of hydrochars in
steam than those prepared in water medium at the same
temperature and processing time. The HTC processing of both
sugar beet and bark led to slight changes of H in their water
hydrochars, but lower H content in steam hydrochars. The N
content was higher in the sugar beet feedstock than in the bark
and remained higher in the respective hydrochars. Although the
N contents were lower in the hydrochars produced at the
higher temperature (250 °C), they showed no clear trend with
temperature and time. In contrast, the sulfur contents, which

9404

were also relatively low (<1.2%) in all samples, increased with
temperature and time.

The elemental compositions of chars and coals are often
visualized by a van Krevelen diagram plotting H/C versus O/C
atomic ratios.”” The H/C and O/C ratios serve as indicators for
the degree of carbonization of hydrochars. High ratios indicate
the presence of primary plant macromolecules (i.e., cellulose),
whereas low ratios are typical of more condensed (aromatic)
structures.'**° Sugar beet feedstock appeared within the typical
carbohydrate region, but shifted to relatively lower O/C (~0.6)
than cellulose (Figure 1). Bark feedstock had H/C and O/C
ratios much lower than cellulose and sugar beet, but higher
than lignin, consistent with its composition. Steam and water
hydrochars produced from bark and sugar beet all shifted to
lower H/C and O/C values due to carbonization. They had H/
C ratios ranging from 0.6 to 1.3, and O/C ratios exhibiting
smaller variations from 0.2 to 0.4, consistent with previous
results."* The H/C ratios remained lower in bark hydrochars
than in the corresponding sugar beet hydrochars prepared
under the same conditions, but their O/C ratios became very
similar. The surprisingly higher H/C of W-HTC-bark relative
to W-HT C-beet hydrochars prepared at 200 °C for 3 h might

dx.doi.org/10.1021/jf402345k | J. Agric. Food Chem. 2013, 61, 9401-9411
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be explained by uncharred residues of primary plant macro-
molecules such as cellulose in bark water hydrochars.*® The
locations of hydrochars on the plot further depended on
process parameters (temperature, time, and reaction medium).
For example, both sugar beet and bark steam hydrochars
showed markedly lower H/C (0.5—0.6) than their correspond-
ing water hydrochars with H/C (1—1.2) prepared at the same
temperature and reaction time (200 °C, 3 h). This suggested
that steam HTC leads to more condensed structures (low H/
C) than water HTC following common interpretation of van
Krevelen diagram.'* As the HTC temperature increased from
200 to 250 °C, the O/C atomic ratios decreased in both sugar
beet and bark hydrochars. However, the H/C atomic ratio
showed different trends. It decreased for bark hydrochars but
increased for sugar beet hydrochars. It appears that dehydration
was more intense at 250 °C for conversion of bark than at 200
°C, whereas decarboxylation was more intense at 250 °C for
the conversion of sugar beet than at 200 °C (Figure 1). Further
increasing reaction time from 3 to 20 h led to lower H/C ratios
in sugar beet hydrochars and slightly decreased O/C ratios in
bark hydrochars. Overall, as the HTC reaction intensity
increased, that is, higher temperatures and longer reaction
times, the resulting hydrochars became increasingly similar to
lignite.

Detailed NMR Analyses of Hydrochars Based on
Spectral-Editing Techniques. Figures 2 and 3 show the
spectra from "*C cross-polarization/total sideband suppression
(CP/TOSS) and spectral editing experiments of sugar beet,
bark, and their hydrochars prepared under different conditions.
Top spectra (Figures 2a—e and 3a—e) are '*C CP/TOSS
spectra (thin lines) showing signals from all C sites and *C
cross-polarization/total sideband suppression with dipolar
dephasing (CP/TOSS/DD) spectra (thick lines) highlighting
signals from nonprotonated C and mobile groups.

The CP/TOSS spectrum of sugar beet feedstock (Figure 2a,
thin line) exhibited exclusively signals characteristic of
cellulose/hemicellulose, such as those from O-alkyl C (62, 72,
and 82 ppm), di-O-alkyl C (103 ppm), and CH;COO (18 and
173 ppm). As compared to that of sugar beet feedstock, the
CP/TOSS spectrum of its steam hydrochar (Figure 2b, thin
line) showed (1) overlapping of alkyl, O-alkyl, and di-O-alkyl C
bands; (2) relative enrichment of alkyl C; and (3) evolution of
signals from aromatic C—C/C—H (112—150 ppm) and
aromatic C—O (150—16S ppm). The CP/TOSS spectrum of
W-HTC-beet (Figure 2c, thin line) differed from that of S-
HTC-beet in that intensities of signals from alkyl C, aromatic
C—C/C—H, and aromatic C—O were much higher in W-HTC-
beet. The spectra of water hydrochars produced at 250 °C for 3
and 20 h (Figure 2d,e) were quite similar and resembled those
of lignite, but were distinct from those of S-HTC-beet and W-
HTC-beet at 200 °C. They exhibited dominant signals from
nonpolar alkyl (0—48 ppm) and aromatic C (90—16S ppm).
Other minor signals from OCH (72 ppm), COO/NC=0
(165—190 ppm), and ketone/aldehyde C (190—220 ppm)
were slightly more abundant in W-HTC-beet (250 °C, 3 h)
than in W-HTC-beet (250 °C, 20 h). The dipolar-dephased
CP/TOSS spectrum of sugar beet (Figure 2a, thick line) clearly
selected signals of CH; and COO/N—C=O0, as well as tiny
signals of OCHj, likely assigned to methyl esters in pectin. The
dipolar-dephased spectra of the S-HTC-beet and W-HT C-beet
(200 °C, 3 h) (Figure 2b,c, thick lines) both displayed signals
from CH;, mobile (CH,),, OCHj;, nonprotonated O-alkyl,
aromatic C—C, aromatic C—0O, COO/NCO, and ketone/
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aldehyde C, but the intensities of these signals were different
for the two hydrochars. Among those, the signals of aromatic
C—C and CHj; were further enhanced in the spectra of W-
HTC-beet (250 °C, 3 h; 250 °C, 20 h) (Figure 2d,e, thick
lines), but those from carbohydrates were almost removed.
Although the spectrum of sugar beet showed a single peak at
~22 ppm for CHj, those of sugar beet hydrochars exhibited
two distinct peaks at ~17 and ~22 ppm of CHj, respectively,
representing the CH; groups in two different chemical
environments.

The CSA-filtered spectra selected the resonances of sp*-
hybridized C and resolved the di-O-alkyl peak in the spectra of
S-HTC-beet and W-HTC-beet prepared at 200 °C for 3 h
(Figure 2bl,cl). The residual signals of OCH and other O-
alkyls were still observable, but di-O-alkyl resonances were
clearly absent in the spectra of hydrochars prepared at 250 °C
(Figure 2d1,e1). Therefore, there were no carbohydrates in the
hydrochars prepared at 250 °C. The protonated C-only
spectrum of sugar beet showed signals primarily from
OCHO, CHOH, CH,0H, CCH, CCH,, and CCHj;. Those
of S-HTC-beet and W-HTC-beet (200 °C, 3 h) (Figure
2b2,c2) clearly showed aromatic C—H signals at 112—140 ppm,
with their intensities much more prominent in W-HTC-beet
(200 °C, 3 h). For the hydrochars produced at 250 °C, the
immobile CH,, spectra (Figure 2d2,e2) were dominated mainly
by resonances of aromatic C—H and aliphatic CCH, CCH,C,
and remaining protonated O-alkyl C.

The CP/TOSS and CP/TOSS/DD spectra of bark feedstock
(Figure 3a) showed peaks characteristic of lignocellulosic
biomass, that is, signals from (1) cellulose/hemicellulose and
(2) lignin including ArOCHj; (57 ppm), OCH (Cp of lignin, 82
ppm), aromatic C (110—140 ppm), and oxygenated aromatic C
(148 ppm). The CP/TOSS and CP/TOSS/DD spectra of bark
steam hydrochar (Figure 3b) as compared to those of bark
feedstock showed (1) enrichment of signals from CH,, CH,,
OCH; and aromatic C (protonated, nonprotonated, and
oxygenated), relative to those associated with carbohydrates,
and (2) the appearance of a small broad signal around 206 ppm
assigned to ketone/aldehyde C. These spectral variations were
more pronounced in the water hydrochars treated at 200 °C for
3 h (Figure 3c). The peaks attributed to carbohydrates almost
disappeared in the CP/TOSS spectra of water hydrochars
produced at 250 °C (Figure 3d,e), whereas nonpolar alkyl and
aromatic resonances dominated these spectra. Their dipolar-
dephased spectra still showed distinct signals of aromatic C—0O,
aromatic C—C, and OCHj indicative of the preservation of
lignin due to its higher temperature-resistance.

Panels al—el of Figure 3 exhibit CP/TOSS spectra after the
insertion of the *C CSA filter of bark feedstock and its
hydrochars. The di-O-alkyl C signal was distinct in the spectra
of bark, S-HTC-bark, and W-HTC-bark (200 °C, 3 h) (Figure
3al—cl), but absent in those of hydrochars prepared at 250 °C
(Figure 3dl,el), suggestive of a lack of carbohydrates. The
protonated C-only spectra of bark feedstock, and its steam and
water hydrochars prepared at 200 °C (Figure 3a2—c2) showed
signals primarily from aromatic C—H, OCHO, CHOH,
CH,OH, CCH, and CCH,. Among those, the signals from
aromatic C—H, CCH, and CCH, were more enriched in the
spectra of S-HTC-bark and W-HTC-bark (200 °C, 3 h). For
water hydrochars produced at 250 °C, the immobile CH,, (or
protonated-C-only) spectra (Figure 3d2,e2) were dominated
mainly by resonances of aromatic C—H and aliphatic CCH and
CCH,.
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Quantitative Structural Composition of Hydrochars
Based on DP NMR. Quantitative chemical compositions of
feedstocks and hydrochars were reliably obtained from DP
spectra. Figure 4 presents the spectra of >*C DP/MAS (thin

Bark

Sugar beet
Biomass

B B AR Aaaas Lo
S-HTC (200 °C, 3 Hr)

Figure 4. Quantitative *C DP/MAS NMR spectra (thin lines) and
DP/MAS after recoupled dipolar dephasing showing nonprotonated
carbons plus mobile groups such as CH; (thick lines). Spectra are
scaled to match the intensity of the highest band.

lines) and C DP/MAS with 68 pus recoupled dipolar
dephasing (thick lines) of all samples. Comparison with
corresponding CP spectra clearly reveals the overestimation

of signals of protonated C in CP spectra. Relative intensities of

C functional groups in all samples based on DP spectra can be
found in Table 3. The distribution of major C functional groups
is more clearly shown in Figure S.

According to Figure 5 and Table 3, the dominant component
in the sugar beet was carbohydrates (O-alkyl), accounting for
77% of total C, followed by alkyl C (13%) and OCH,/NCH
(8%). The contribution of NCH is estimated to be at most 5—
6% of all C on the basis of a C/N ratio of 17.5 for sugar beet.
Compared with sugar beet, the steam hydrochar contained
much fewer carbohydrates (34%). Alkyl C became enriched
(25%), COO/N—C=0 also increased (7%), but OCH,/
NCH decreased to 6%. New C forms were formed, including
aromatic C—C (12%), aromatic C—H (7%), aromatic C—O
(5%), and ketones/aldehydes (5%). The dominant component
in water hydrochar (200 °C, 3 h) was aromatic C (37%),
followed by alkyl C (28%), O-alkyl C (17%), COO/N—C=0
(9%), ketones/aldehydes (5%), and OCH,;/NCH (4%). For
the water hydrochars prepared at 250 °C for 3 and 20 h,
aromatics comprised 48 and 53%, alkyl C comprised 36 and
32%, COO/N—C=0 comprised 7 and 7%, and aldehyde/
ketone C comprised 4 and 5%, respectively. These two
hydrochars contained only 3 and 1% of O-alkyl C, respectively.

Although carbohydrate C (50%) was the major component
in the bark feedstock, it also contained abundant aromatics
(23%), alkyl (16%), OCH;/NCH (9%), and COO/N—C=0
(3%). By contrast, the steam hydrochar prepared at 200 °C
became dominant in aromatics (42%), followed by O-alkyl C
(27%), alkyl C (18%), OCH,/NCH (6%), COO/N—C=0
(4%), and aldehyde/ketone (2%). Compared to steam
hydrochar, corresponding water hydrochar (200 °C, 3 h)
contained slightly more aromatics (45%), COO/N—C=0
(6%), and aldehyde/ketone (4%), but less O-alkyl C (23%) and
OCH,/NCH (4%). For hydrochars prepared at 250 °C for 3
and 20 h, aromatics accounted for 61 and 63%, followed by
alkyl C (22 and 21%), COO/N—C=O0 (7 and 7%), aldehyde/
ketone (S and 4%), and OCH;/NCH (4 and 3%).
Carbohydrate C comprised only ~1% of all C in hydrochars
prepared at 250 °C.

Several major findings from CP and DP data were as follows:
(1) Whereas sugar beet feedstock was predominantly
composed of carbohydrates, bark also consisted of lignin in

Table 3. Composition of Functional Groups (Percent) in Biomass and Different Hydrochars Obtained by Quantitative DP/

NMR Analyses
220—-190 ppm 190—165 ppm  165—150 ppm“ 150—112 ppm“ 112—60 ppm* 60—48 ppm 48—0 ppm

sample aldehyde/ketone COO/N—C=0O  arom C—O  arom C—C arom C—H O-alkyl O—CH;/ NCH alkyl
sugar beet 0 1 0 0 0 77 8 13
S-beet (200 °C/3 h) 5 7 12 7 34 6 25
W-beet (200 °C/3 h) S 9 7 21 9 17 4 28
W-beet (250 °C/3 h) 4 7 7 29 12 3 3 36
W-beet (250 °C/20 h) N 7 9 33 11 3 32
bark 0 3 10 9 4 S0 9 16
S-bark (200 °C/3 h) 2 4 18 15 9 27 6 18
W-bark (200 °C/3 h) 4 6 20 15 10 23 4 19
W-bark (250 °C/3 h) 5 7 25 23 13 1 4 22
W-bark (250 °C/20 h) 4 7 25 27 11 1 3 21

“Note that for hydrochars prepared at 250 °C, the spectral range of 90—140/150 ppm is assigned to aromatic C, and 60—90 ppm is assigned to O-
alkyl C. For beet and beet hydrochars, the spectral range of 112—140 ppm is assigned to aromatic C—C and aromatic C—H, and that of 140—165
ppm is assigned to aromatic C—O. Sidebands are corrected and added to the centerband on the basis of methods provided by Mao and Schmidt-

Rohr.* The percentages in each row add up to 100.
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Figure S. Distribution of major C functional groups in sugar beet, bark, and their hydrochars.

addition to cellulose/hemicellulose. (2) The HTC processing
of sugar beet and bark led to the depletion of carbohydrate C
and OCH;/NCH and formation and/or enrichment of
aromatic C, as well as increase of alkyl and carbonyl C. (3)
Carbohydrate structures were evident in the steam and water
hydrochars prepared at 200 °C, but almost completely removed
in the 250 °C hydrochars. (4) Carbohydrates were more
abundant in W-HTC-bark than in W-HTC-beet prepared at
200 °C for 3 h. This supported our previous explanation that
the higher H/C of W-HTC-bark relative to W-HTC-beet may
arise from uncharred residues of primary plant macromolecules
such as cellulose. (S) Lignin structures were preserved or
altered to a limited extent in the bark hydrochars. (6) Finally,
water hydrochars produced from sugar beet and bark
(especially sugar beet) at 200 °C for 3h contained more
aromatic C, COO/NC=0, and alkyl C, but less carbohydrate
C and OCH;/NCH, than corresponding steam hydrochars,
suggesting that feedstocks undergo deeper carbonization in the
water medium than in the steam medium. Finding 6 is
seemingly inconsistent with the common interpretation of the
results from elemental analysis (Figure 1)."* The steam
hydrochars from both bark and sugar beet showed H/C values
of ~0.6, much lower than their corresponding water hydro-
chars, suggesting a higher degree of condensation in the
structures of steam hydrochars. This is discussed further below.

Aromatic Structures in Hydrochars. *C NMR analyses
in the present and previous studies have shown that aromatic C
is formed (i.e, sugar beet hydrochars) and/or enriched (ie.,
bark hydrochars) after HTC processing, but there have been
doubts as to whether aromatic C is present within six-
membered benzene- or furan-based structures.">'%**7**3! The
NMR spectra of sugar beet and bark hydrochars in the present
study showed a central aromatic peak at 130 ppm, whereas
peaks characteristic of a furanic ring (150 and 110—118 ppm)
were absent. This is consistent with our previous study”> and
supports the benzene ring-based hydrochar models.">'**"** In
the case of bark hydrochars, the lignin fraction in the starting
biomass was relatively unaffected and preserved as part of
aromatic C.

Although it is commonly accepted that chars from dry
pyrolysis (>400 °C) consist of highly condensed aromatic
clusters, the extent of polyaromatic hydrocarbons inside
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hydrochars has remained unclear (separate single ring versus
fused aromatic clusters). For this purpose, long-range 'H—"*C
dipolar dephasing experiments were performed on the water
hydrochars prepared at 250 °C. Those hydrochars prepared at
200 °C were not analyzed because their structures still
contained significant features of biomass, with fewer aromatic
C atoms. The dephasing rate curves of the aromatic C of the
four hydrochars, as well as those of lignin and swine manure-
derived hydrochar,**** are shown in Figure 6. The curves for
specific sites in model compounds (C-1 of 3-methoxybenza-
mide and C-11 of 1,8-dihydroxy-3-methylanthraquinone,
structures shown in Figure 6), with two two-bond and three

(a) (b)
10 —e— W-HTC-beet (250 °C, 20 h) H ocH,
—e— W-HTC-bark (250 °C, 20 h)
—0— W-HTC-beet (250 °C, 3 h) o N
0.8 1 —O— W-HTC-bark (250 °C, 3 h) H
—A— W-HTC-swine (250 °C, 20 h) —O——H
@: -@- Lignin © "
@B 0.6 - . gt HN_O
2 *, =X 3-methoxyl benzamide, carbon 1
g ", et 1, 8-dihydroxy-3-
= 044 : methylanthraquinone, CH,
= carbon 11 (d)
" OH O OH
H H
024 T N\
H CH,
H O H
oodn B =
0.0 0.4 0.8 1.2

Dephasing time (ms)

Figure 6. Plot of the area of signals of aromatic carbons in hydrochars
and model compounds versus dephasing time. (a) Plot of the area of
signals of aromatic carbons resonating between 107 and 142 ppm
versus dephasing time: @, W-HTC-beet (250 °C, 20 h); 4, W-HTC-
bark (250 °C, 20 h); O, W-HTC-beet (250 °C, 3 h); <, W-HTC-
bark (250 °C, 3 h); A, W-HTC-swine (250 °C, 20 h); O, lignin; X,
carbon 1 of 3-methoxybenzamide, which is two bonds away from the
two nearest protons; v, carbon 11 of 1,8-dihydroxy-3-methylan-
thraquinone, which is three bonds away from the three nearest
protons. The data points have been corrected for regular T, relaxation.
(b) Structure of a typical softwood-lignin unit. (c) Structure of 3-
methoxybenzamide and carbon numbering. (d) Structure of 1,8-
dihydroxy-3-methylanthraquinone and carbon numbering.
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Figure 7. BOD, COD, and BOD/COD ratio associated with hydrochars resulting from the carbonization of (a) sugar beet and (b) bark. Error bars

represent measurement standard deviations.

three-bond couplings, respectively, provide an approximate
length-scale calibration. The dephasing curves of sugar beet and
bark hydrochars nearly coincided with each other and with
previously analyzed swine manure hydrochar. In addition, the
dephasing rates of these hydrochars were slower than that of
lignin or the two-bond model, but faster than that of the three-
bond model. Overall, our results indicated (1) a similar extent
of aromatic condensation of hydrochars prepared at 250 °C
regardless of source materials and reaction time; (2) more
condensed or substituted aromatic rings in 250 °C hydrochars
than single aromatic rings in lignin, with aromatic C more than
two bonds away from two protons on average; and (3) the
aromatic C in these hydrochars relatively less than three bonds
away from three protons, on average.

Our results also demonstrate that the conclusions on ring
condensation based on H/C ratios alone may not be valid. For
example, Hammes et al.** and Schimmelpfennig and Glaser'*
proposed that a H/C ratio of >0.7 indicated noncondensed
aromatic structures such as lignin. These four water hydrochars
studied had H/C ratios of 1.0—1.2 but contained more
condensed aromatic structures than lignin. This is because bulk
elemental analysis is limited in differentiating structures with
similar molecular formulas, which occupy the same composi-
tional space in a van Krevelen plot.**
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Biological and Chemical Oxygen Demand Measure-
ments. The oxygen demands due to chemical oxidation
(COD) as well as biochemical oxidation (BOD) of the
feedstocks and the hydrochars were measured to estimate
their potential biodegradability in the environment. BOD/
COD ratios were calculated from these data (Figure 7).
Whereas the COD measurements can be expected to oxidize
the solid particles, giving an indication of potential oxygen
demand, the BOD results measured over a period of § days are
likely to be governed by the degradability of organic
compounds desorbing in water from the solid hydrochar
particles, indicating the degree of readily degradable carbon
associated with the hydrochars.

The values for the COD of the sugar beet and bark
feedstocks were similar and relatively low compared to the
hydrochars (Figure 7). These increased as the processing
temperature increased for the water hydrochars. This is
consistent with the elemental analysis that showed both oxygen
loss and C content increase with reaction temperature (Table
2), as well as with the NMR results that showed decreases in
oxidized groups such as carbohydrates (Figure S). As C became
more enriched in the hydrochars, more C was available to be
oxidized, accounting for the increased COD with increasing
processing temperature. The longer reaction time appeared to
have little impact on the COD of the hydrochars prepared at
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250 °C at 3 and 20 h. The slight decrease in COD for the bark
hydrochar at 20 h is probably due to more aromatic structures,
which are less oxidizable in COD measurements.

The results for the steam hydrochars deviated from these
trends. On the basis of solid-phase C content, the COD value
of steam hydrochars is expected to be close to those of the W-
HTC generated at 250 °C. However, the CODs associated with
steam hydrochars were lower than those produced in water at
200 °C and closer to those of the originial feedstock. This is
consistent with the NMR results, though, that steam hydro-
chars were most similar among all of the hydrochars in their
spectral features to their feedstocks. This also supports the
finding that sugar beet and bark underwent deeper carbon-
ization in water media than in steam media (at the same
temperature and time).

The BOD measurements of the feedstocks produced
expected results; the sugar beet feedstock had a 10-fold higher
BOD than the bark (Figure 7). Bark contained appreciable
aromatic content, resulting in a lower amount of soluble
biodegradable C than the carbohydrate-dominated sugar beet.
The carbonization of the feedstocks produced different results,
depending on their original degradability. Reaction temperature
and medium had little impact on the BOD of the sugar beet
hydrochar suspensions (Figure 7), despite changes in the
hydrochar composition. Only the extension of the reaction time
to 20 h caused a substantial decrease in BOD. The hydrochar
carbonized in steam, however, had a BOD/CQOD ratio similar
to that of the original feedstock. These results are likely
governed by the amount as well as the biodegradability of
water-soluble compounds located in the hydrochar.

In contrast, the low BOD value of the bark feedstock due to
its higher aromatic C (lignin) content was increased through
the HTC process, likely due to the release of degradable
compounds. The presence of lignin within bark creates a barrier
to hydrolysis of cellulose. The HTC process disrupts the
lignocellosic structure, exposing cellulose/hemicellulose to
microbial degradation. The steam carbonization produced a
char with a higher degree of biodegradable compounds, with a
BOD S times higher than that of the bark feedstock and double
that of the bark water hydrochar at similar conditions. This also
correlates with the BOD/COD ratios, which were low and
relatively constant for all processing conditions except for the
steam carbonization. The degradable compounds remained
associated with the steam hydrochar, whereas in the water—
carbonization process they dissolve into processing water. In
water HTC, this loss to process water accounts for
approximately 20% of the original carbon.® However, the
biodegradability of bark hydrochars remained only approx-
imately half that of the sugar beet hydrochars. As temperature
was increased in the water medium to 250 °C for 3 h, the BOD
of the hydrochar increased. The lengthening of reaction time
from 3 to 20 h at 250 °C, however, decreased the BOD, similar
to the behavior seen with the sugar beet hydrochars. No strong
correlation was observed between BOD data and abundances of
different functional groups.

These COD and BOD results are dependent on HTC
processing conditions and likely also on the type of hydrochar
postprocessing. The compounds that are solubilized during the
HTC process can adsorb or remain on the surface of the
hydrochars. Methods that analyze only the char as a whole will
be affected by whether these soluble compounds remain on the
char and therefore may not give a true picture of the hydrochars
themselves. For instance, washing hydrochars with acetone has

9409

been shown to remove the soluble intermediates deposited on
the hydrochar.>> When the char stability in soil incubation tests
is measured, the initial results may reflect the degradability of
adsorbed compounds, rather than the whole char structure
itself. The use of a BOD measurement appears promising as a
supplementary test to learn more about char stability.

Effects of Biomass Type and Processing Conditions
on Hydrochar Structures. The HTC processing of sugar
beet and bark involved the depletion of carbohydrate C and the
formation and/or enrichment of aromatic C, as well as
increases of alkyl and carbonyl C. These structural changes
are driven by reactions such as hydrolysis, dehydration,
decarboxylation, aromatization, and recondensation.”* Struc-
tural characteristics of hydrochars are shown to depend on
feedstock type, the phase of the reaction medium, processing
temperature, and time.

Feedstock type plays a significant role in hydrochar
composition. The dominance of cellulose/hemicellulose in
sugar beet is consistent with its high H/C and O/C ratios,
whereas the presence of lignin in bark shifts it to much lower
H/C and O/C ratios relative to sugar beet. Falco et al*!
compared the structural differences between glucose-, cellu-
lose-, and lignocellulosic biomass-derived HTC materials.
Whereas the cellulose signals of glucose- and cellulose-based
hydrochars were lost at 200 °C, they were present in the
spectrum of rye straw-based material up to 200 °C. This
difference was attributed by the authors to the presence of
lignin in rye straw, which might stabilize the cellulose and
prevent the disruption of its crystalline structure at lower
temperatures. In the present study, however, characteristic
peaks of cellulose were distinct in the spectra of both sugar beet
and bark hydrochars prepared at 200 °C. This suggests that
sugar beet contains carbohydrates (other than cellulose) that
decompose at higher temperature. The main structural
difference between sugar beet and bark hydrochars lies in the
presence of lignin residues in the bark hydrochars. Consistent
with our finding, lignin has been shown to be affected by HTC
processing to a very limited extent and retained in hydro-
chars.”"”** Hence, the aromaticity of the bark started out at a
higher level than that of the sugar beet feedstock (which is
essentially zero) due to the presence of lignin and remained
higher in the bark hydrochars produced at the same process
conditions as the sugar beet hydrochars. This is consistent with
lower H/C ratios of bark hydrochars than those of
corresponding sugar beet hydrochars, except for those prepared
at 200 °C for 3 h during water HTC. The extended
carbonization at 250 °C for 20 h increased the aromaticity of
the bark hydrochar to 64%, whereas the sugar beet hydrochar
under this condition remained below 53%. The presence of
lignin also resulted in a much lower BOD of bark and
increasing trends of BOD after HTC processing.

Although both time and temperature influence hydrochar
characteristics, temperature is the decisive factor. HTC at
higher temperatures (250 °C) produced water hydrochars that
were more aromatic and were almost completely depleted of
carbohydrates, consistent with their lower H/C and O/C ratios.
In the case of sugar beet hydrochars, those prepared at 250 °C
showed lower O/C but higher H/C ratios, suggesting the
significance of decarboxylation. Increasing the residence time
from 3 to 20 h at 250 °C at most led to the enrichment of
nonprotonated aromatic C—C in sugar beet and bark
hydrochars (Figure S), confirming the shift of their H/C ratios
to lower values.
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Both bark and sugar beet underwent deeper carbonization
during the water HTC (200 °C, 3 h) than during the steam
HTC process (200 °C, 3 h), because the increase of aromatic
and alkyl C and decrease of carbohydrate C were more
prominent in W-HTC hydrochars. This effect was much more
evident for sugar beet hydrochars. These results are contrary to
those found using the common interpretation of elemental
analysis via the van Krevelen plot. The steam hydrochars were
located at considerably lower H/C values on the plot than the
corresponding water hydrochars, implying a more carbonized
structure of steam hydrochars. We speculate that reactions
leading to the production of methane (demethylation), which
has been reported to be of minor importance during water
HTC* might become significant during steam HTC. The
significant loss of CH, in steam hydrochars would explain their
remarkably lower H/C ratios.

Further differences caused by the reaction medium were
found in the biodegradability tests. Whereas the HTC process
increased the degradability of the bark in both steam and water,
the steam hydrochar from bark showed a BOD double that of
the bark water hydrochar under similar conditions. The
difference may be related to the fact that the degradable
compounds, which could have been washed away with the
process water during water HTC, were retained in the steam

hydrochars.
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